V  Air  Force  Institute  of  Technology 


Let  Us  Know  What  You  Think! 

http://www.airpower.au.af.mil  Leave  Comment! 


Jet  Propellant  8  versus 
Alternative  Jet  Fuels 


A  Life-Cycle  Perspective 


Lt  Col  Peter  P.  Feng,  PE,  PhD,  USAF 
Maj  Wayne  C.  Kinsel,  USAF 
Dr.  Alfred  E.  Thai 
Dr.  Charles  A.  Bleckmann* 


The  Air  Force  is  the  largest  user  of  jet 
fuel  in  [the  Department  of  Defense 
(DOD)],  consuming  2.4  billion  gallons 
per  year.”1  In  light  of  environmental  im¬ 
pacts  associated  with  using  nonrenewahle 
fuel  sources  and  national  security  concerns 
regarding  dependency  on  foreign  oil,  it  is 
no  surprise  that  the  United  States  is  paying 
more  attention  to  alternative  fuels.  Both 
DOD  and  Air  Force  energy  strategies  ad¬ 
dress  the  need  to  develop  and  produce  such 
fuels.  The  DOD  has  made  a  commitment  to 
energy  security,  establishing  an  energy  ini¬ 
tiative  that  "strive[s]  to  modernize  infra- 
structrrre,  increase  utility  and  energy  con¬ 
servation,  enhance  demand  reduction,  and 
improve  energy  flexibility,  thereby  saving 
taxpayer  dollars  and  reducing  emissions 
that  contribute  to  air  pollution  and  global 
climate  change.”2  This  initiative  has  the  fol¬ 
lowing  four  goals: 

1 .  Maintain  or  enhance  operational  effectiveness 
while  reducing  total  force  energy  demands 


2.  Increase  energy  strategic  resilience  by  de¬ 
veloping  alternative/assured  fuels  and  energy 

3.  Enhance  operational  and  business  effec¬ 
tiveness  by  institutionalizing  energy  consid¬ 
erations  and  solutions  in  DoD  planning  & 
business  processes 

4.  Establish  and  monitor  Department-wide 
energy  metrics  (italics  in  original)3 

In  concert  with  the  DOD's  efforts,  the  Air 
Force’s  energy  initiative  features  a  comple¬ 
mentary  vision:  "Make  Energy  a  Consider¬ 
ation  in  All  We  Do."4  The  following  three 
components  of  the  Air  Force's  strategy  re¬ 
flect  this  vision: 

1 .  Reduce  Demand  -  Increase  our  energy  ef- 
bciency  through  conservation  and  de¬ 
creased  usage,  and  increase  individual 
awareness  of  the  need  to  reduce  our  en¬ 
ergy  consumption. 

2.  Increase  Supply  -  By  researching,  testing, 
and  certifying  new  technologies,  including 
renewable,  alternative,  and  traditional  en- 
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ergy  sources,  the  [US]AF  can  assist  in  cre¬ 
ating  new  domestic  supply  sources. 

3.  Culture  Change  -  The  Air  Force  must  create 
a  culture  where  all  Airmen  make  energy  a 
consideration  in  everything  they  do,  every 
day  (italics  in  original).5 

This  article  addresses  the  second  compo¬ 
nent  of  the  Air  Force’s  strategy  and  the  fol¬ 
lowing  specific  goal:  "By  2016,  be  prepared  to 
cost  competitively  acquire  50%  of  the  Air 
Force’s  domestic  aviation  fuel  requirement 
via  an  alternative  fuel  blend  in  which  the 
alternative  component  is  derived  from  do¬ 
mestic  sources  produced  in  a  manner  that  is 
‘greener’  than  fuels  produced  from  conven¬ 
tional  petroleum.’’6  Several  questions  arise 
with  regard  to  this  goal.  Granted,  procuring 
"greener”  fuels  is  a  noble  aspiration,  but  how 
do  we  evaluate  such  a  fuel  appropriately? 
What  does  the  term  greener  actually  mean  in 
this  situation?  Flow  do  we  evaluate  whether 
a  proposed  biofuel  is  greener  than  the  jet 
propellant  8  (JP-8)  the  Air  Force  currently 
uses?  Tb  answer  these  questions,  this  article 
takes  a  life-cycle  perspective  since  many 
modern  systems  are  complex  and  comprised 
of  interdependent  processes  and  activities. 
The  article  thus  provides  relevant  back¬ 
ground  material  regarding  biofuels  and  ap¬ 
plies  the  Economic  Input-Output  Life  Cycle 
Assessment  (EIO-LCA)  methodology  to  com¬ 
pare  petroleum-derived  jet  fuel  (i.e.,  JP-8)  to 
an  alternative  jet  fuel  derived  from  a  coal- 
biomass-to-liquid  (CBTL)  process.  The  EIO- 
LCA  approach  compares  the  global  warming 
potential  (GWP)  of  those  two  fuel  types  over 
their  entire  life  cycles.  The  EIO-LCA  results 
give  Air  Force  leaders  a  basis  for  evaluating 
alternative  ways  of  implementing  the  ser¬ 
vice's  energy  strategy. 

Background 

Before  presenting  and  discussing  the 
EIO-LCA  results,  the  article  addresses  envi¬ 
ronmental  concerns  associated  with  burning 
fuel;  defines  and  characterizes  the  different 
types  of  alternative  fuels,  including  the  Air 


Force's  proposed  alternative  fuel;  and  then 
describes  life-cycle  assessments  (LCA). 

Environmental  Concerns 

Greenhouse  gases  (GHG)  trap  heat  in  the 
earth's  atmosphere.  According  to  the  En¬ 
ergy  Information  Administration,  "These 
gases  allow  sunlight  to  enter  the  atmo¬ 
sphere  freely.  When  sunlight  strikes  the 
Earth's  surface,  some  of  it  is  re-radiated 
back  towards  space  as  infrared  radiation 
(heat).  Greenhouse  gases  absorb  this  infra¬ 
red  radiation  and  trap  its  heat  in  the  atmo¬ 
sphere.”7  Some  GHGs  occur  naturally,  hut 
man-made  sources  tend  to  increase  the 
levels  of  these  gases.  Carbon-dioxide  (C02), 
methane  (CHJ,  nitrous  oxide  (N,0),  and 
fluorinated  gases  are  the  principal  GHGs 
that  enter  the  earth's  atmosphere  because 
of  human  activities,  primarily  as  the  result 
of  the  combustion  of  fossil  fuels.8 

Alternative  Fuel 

According  to  the  DOD,  "The  term  'alterna¬ 
tive'  fuel  is  used  to  differentiate  between 
diesel-type  jet  fuel  produced  from  crude  oil 
and  synthetic  fuel  produced  from  non-crude 
oil.  An  alternative  fuel  should  emulate  the 
baseline  fuel's  properties  to  increase  fungi- 
bility  within  military  assets.”9  To  be  certi¬ 
fied,  alternative  fuels  must  emulate  the 
properties  of  JP-8  (i.e.,  yield  the  same  en¬ 
ergy  output  per  unit)  to  ensure  no  degrada¬ 
tion  of  flight  safety. 

The  Air  Force’s  alternative-fuel  program 
seeks  to  produce  a  100  percent  "drop-in” 
hydrocarbon  jet  fuel  or  jet  fuel  blend  stock. 
The  term  drop-in  indicates  that  the  fuel  is 
fully  interchangeable  with  current  aviation 
fuels  in  both  performance  and  handling  so 
that  flight  safety  does  not  degrade  in  any 
way.  Typically,  a  blend  stock  consists  of  a 
50  percent  mixture  of  hydrocarbon  (alterna¬ 
tive  fuel)  and  a  petroleum-derived  aviation 
fuel.10  Regardless  of  their  drop-in  or  blended 
status,  alternative  fuels  are  typically  devel¬ 
oped  from  biomass.  Researchers  are  cur¬ 
rently  investigating  three  primary  types  of 
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biomass  to  produce  ground-vehicle  fuels 
and  jet  fuels:  sugars  and  starches,  fats  and 
oils,  and  "lingocellulosic"  material.  Corn  is 
an  example  of  a  starch  widely  used  for  the 
production  of  ethanol  in  the  United  States; 
however,  we  cannot  use  ethanol  for  jet  fuel 
because  of  its  low  flash  point  and  heat  of 
combustion.11  From  triglycerides— fats  from 
oilseeds— we  frequently  produce  biodiesel, 
a  fuel  appropriate  for  ground  vehicles  but 
not  aircraft.  Finally,  switchgrass  represents 
a  lingocellulosic  biomass  used  to  produce 
aviation  fuel.  Our  analysis  focuses  on  fuels 
derived  from  this  type  of  biomass. 

Experts  still  debate  whether  biofuels  are 
better  for  the  environment  than  traditional 
petroleum-derived  fuels.  Opponents  of  the 
former  consider  them  detrimental  to  the 
environment.  For  example,  Timothy 
Searchinger,  a  biofuel  research  scholar  at 
Princeton  University’s  Woodrow  Wilson 
School,  notes  that  "previous  accountings 
[analyses]  were  one-sided  because  they 
counted  the  carbon  benefits  of  using  land 
for  biofuels  but  not  the  carbon  costs,  the 
carbon  storage,  and  sequestration  sacrificed 
by  diverting  land  from  its  existing  uses.’112  If 
current  forests  or  grasslands  are  converted 
to  cropland  to  produce  biofuel,  the  conver¬ 
sion  releases  into  the  atmosphere  carbon 
previously  stored  in  trees  and  other  plants. 

Proponents  of  biofuels  assert  that  pro¬ 
ducing  them  from  biomass  will  result  in  a 
carbon  credit.  Bent  Sprensen,  a  biofuel  re¬ 
searcher  at  Roskilde  University  of  Denmark, 
disagrees  with  Searchinger,  contending  that 
"Searchinger  suggests  .  .  it  would  be  more 
scholarly  to  account  for  all  carbon  assimila¬ 
tion  and  release  as  a  function  of  time  rather 
than  just  consider  biomass  carbon  neutral. 
Some  of  the  same  authors  recently  attacked 
‘second-generation’  biofuels,  making  the 
prediction  that  biofuels  will  soon  be  derived 
entirely  from  cellulosic  materials  grown  on 
marginal  land.”  Sprensen  further  argues  that 
cellulosic  materials  will  come  from  residues 
of  existing  biomass-cultivation  operations 
already  functioning  around  the  world,  thereby 
not  creating  additional  carbon  emissions.13 


Our  analysis  considered  switchgrass  as 
the  biomass  portion  of  the  CBTL  jet  fuel.  We 
assume  that  switchgrass  comes  from  mar¬ 
ginal  or  degraded  lands  and  does  not  fit  into 
the  category  described  by  Searchinger  as  a 
land-use  change  to  produce  cellulosic  bio¬ 
mass.14  Therefore,  we  assigned  a  carbon 
credit  to  the  switchgrass  portion  of  the  CBTL 
jet  fuel.  According  to  a  University  of  Dayton 
Research  Institute  report,  one  can  take  a  15 
percent  credit  on  the  GHGs  emitted  by 
switchgrass  when  performing  an  LCA  using 
biomass  to  produce  Fischer-Tfopsch  (FT)  jet 
fuels.15  The  FT  process  converts  carbon 
monoxide  (CO)  and  hydrogen  (H2)  derived 
from  coal,  natural  gas,  or  biomass  into  liquid 
fuels  such  as  diesel  or  jet  fuel.  The  research 
institute’s  report  gives  a  GHG  credit  for 
switchgrass  of  50  to  100  kilograms  of  C02 
equivalents  per  ton  of  biomass.16  This  infor¬ 
mation  is  vital  in  conducting  an  LCA. 


An  LCA  is  a  holistic  analytical  technique  for 
assessing  environmental  effects  throughout 
the  life  cycle  of  any  product,  process,  or  ac¬ 
tivity.  In  its  purest  form,  the  evaluation  be¬ 
gins  with  the  initial  extraction  of  raw  mate¬ 
rials  from  the  earth  and  ends  once  all 
materials  are  returned  to  the  earth.  Typi¬ 
cally  referred  to  as  a  cradle-to-grave  ap¬ 
proach,  the  life  cycle  includes  five  phases 
(fig.  1).  These  types  of  life-cycle  approaches 
"help  us  to  find  ways  to  generate  the  energy 
we  need  without  depleting  the  source  of  that 
energy  and  without  releasing  greenhouse 
gases  that  contribute  to  climate  change.”17 

LCA  models  are  thus  important  tools  that 
facilitate  green  design  methods  for  various 
types  of  projects.18  They  also  provide  deci¬ 
sion  makers  additional  information  that  helps 
define  the  environmental  effects  of  activi¬ 
ties  and  identify  opportunities  for  improve¬ 
ments.  Although  numerous  LCA  variants 
exist,  there  are  three  basic  types  of  models: 
process-based,  EIO,  and  hybrid.  These 
models  typically  use  similar  inventories  of 
environmental  emissions  and  resources  to 
determine  the  environmental  burden  cor- 


Life-Cycle  Assessment 
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Figure  1.  Life-cycle  assessment  phases.  (Reprinted  from  Congress  of  the  United  States,  Office  of  Technology 
Assessment,  Green  Products  by  Design:  Choices  for  a  Cleaner  Environment  [Washington,  DC:  Congress  of  the 
United  States,  Office  of  Technology  Assessment,  September  1992],  4.) 


responding  to  any  product,  process,  or  ac¬ 
tivity.  Tfowever,  EIO-LCA  models  are  usually 
considered  more  advantageous  if  application 
cost,  feedback  flow,  or  speed  of  analysis  is 
important.19 

Process-Based  Life-Cycle  Assessment. 

A  process-based  LCA  breaks  down  a  product 
or  service  into  smaller  pieces  and  traces  each 
piece  back  to  its  origin.  This  type  of  LCA 
offers  precise  environmental  impacts  of  a 
product  or  service.  However,  two  challenges 
accompany  process-based  LCAs:  the  analysis 
boundary  and  circularity  effects.  Because  of 
the  difficulty  of  capturing  an  entire  process 
and  all  of  its  subprocesses,  researchers  must 
take  great  care  to  determine  the  boundaries 
of  what  they  will  exclude  from  the  analysis. 
Circularity  effects  mean  that  it  takes  a  lot  of 
"stuff'  to  make  other  "stuff.”  For  example, 

"to  make  the  paper  cup  requires  steel  ma¬ 
chinery.  But  to  make  the  steel  machinery 
requires  other  machinery  and  tools  made 
out  of  steel.  And  to  make  the  steel  requires 
machinery,  yes,  made  out  of  steel.  Effec¬ 
tively,  one  must  have  completed  a  life  cycle 
assessment  of  all  materials  and  processes 
before  one  can  complete  a  life  cycle  assess¬ 
ment  of  any  material  or  process.”20 

Economic  Input-Output  Life-Cycle 
Assessment.  The  EIO  approach  incorpo¬ 
rates  economic  data  from  the  US  Bureau  of 
Economic  Analysis  and  environmental 
data  from  both  the  Environmental  Protec¬ 


tion  Agency  and  Department  of  Energy. 
The  EIO-LCA  model  is  based  on  Wassily 
Leontiefs  Nobel  Prize-winning  EIO 
model.21  According  to  Chris  Hendrickson,  a 
Carnegie  Mellon  University  engineering 
professor, 

Leontief  proposed  a  general  equilibrium 
model  that  requires  specifying  the  inputs  that 
any  sector  of  the  economy  needs  from  all 
other  sectors  to  produce  a  unit  of  output.  His 
model  is  based  on  a  simplifying  assumption 
that  increasing  the  output  of  goods  and  ser¬ 
vices  from  any  sector  requires  a  proportional 
increase  in  each  input  received  from  all  other 
sectors.  The  resulting  EIO  matrix  has  pres¬ 
ently  been  estimated  for  developed  nations 
and  many  industrializing  economies.22 

The  EIO-LCA  model  uses  EIO  matrices 
and  industry-sector-level  environmental 
and  resource  consumption  data  to  assess 
the  economy-wide  environmental  impacts 
of  products  and  processes.23  The  approach 
simplifies  the  complex  nature  of  LCAs  by 
using  mathematical  formulas  to  convert  the 
monetary  transactions  between  industry 
sectors  into  their  environmental  impacts.24 
EIO-LCA  models  identify  direct,  indirect, 
and  total  environmental  effects  due  to  pro¬ 
duction  and  consumption  of  goods  and  ser¬ 
vices.  Tbtal  effects  are  the  sum  of  direct  and 
indirect  effects.25 

Hybrid  Life-Cycle  Assessment.  A  hy¬ 
brid  model  integrates  a  process-based  LCA 
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with  the  EIO-LCA  to  produce  more  accurate 
information  from  an  item  or  process;  when 
information  is  not  available,  one  can  use 
the  EIO-LCA.  For  example,  one  may  know 
the  environmental  impact  of  the  use  phase 
of  a  paper  cup  but  not  the  impact  of  the  ex¬ 
traction  phase.  In  that  case,  analysts  could 
use  the  specific  information  for  the  use 
phase  and  then  employ  the  EIO-LCA  model 
to  estimate  information  for  the  other  phases. 
Our  analysis  used  a  hybrid  LCA  model. 

Determining  a  Fuel's  "Greenness" 

In  January  2009,  the  Department  of  En¬ 
ergy  reported  that  CBTL  fuels  can  compete 
economically  with  current  petroleum- 
derived  fuels.  Specifically,  a  CBTL  process 
using  a  mixture  of  8  percent  (by  weight) 
biomass  and  92  percent  (by  weight)  coal 
can  produce  economically  competitive  fuels 
when  crude  oil  prices  equal  or  exceed  $93 
per  barrel.  Furthermore,  CBTL  fuels  have 
20  percent  lower  life-cycle  GHG  emissions 
than  petroleum-derived  ones.  Even  if  CBTL 
is  not  economically  competitive,  the  report 
noted  that  CBTL  fuel  has  two  clear  advan¬ 
tages:  (1)  it  has  lower  GHG  emissions,  and 


(2)  it  can  be  produced  from  domestic 
sources,  thereby  limiting  the  amount  of  for¬ 
eign  crude  oil  the  United  States  imports.26 

The  CBTL  process  uses  three  existing 
technologies  to  convert  coal  and  biomass 
into  liquid  fuel:  gasification,  FT  synthesis, 
and  carbon  capture  and  storage.  Gasification 
converts  coal  and  biomass  into  CO  and  H2,  a 
mixture  commonly  referred  to  as  "syngas." 
FT  synthesis  applies  heat  and  pressure  to 
syngas  in  the  presence  of  a  catalyst  such  as 
cobalt  to  create  a  liquid  fuel.27  The  resulting 
C02  by-product  is  captured  and  stored 
through  a  relatively  inexpensive  process 
known  as  carbon  sequestration,  which  pro¬ 
motes  the  alternative  fuel's  affordability  and 
production  of  fewer  GHG  emissions.  The 
remaining  toxic  CO  is  used  as  fuel  to  gener¬ 
ate  heat  required  for  the  chemical  reaction. 
Figure  2  shows  the  typical  life  cycles  of  a 
common  jet  fuel  produced  from  fossil  fuels 
(such  as  jet  fuel  derived  from  crude  oil)  and 
a  biofuel  (such  as  biomass  to  liquid  jet  fuels). 

Theoretically,  jet  fuels  produced  from 
biomass  result  in  reduced  C02  emissions 
across  their  entire  life  cycle.  The  C02  ab¬ 
sorbed  by  plants  during  the  growth  of  bio¬ 
mass  is  approximately  equivalent  to  the 
C02  released  into  the  atmosphere  during 


Life-cycle  emissions  from  biofuels 


At  each  stage  in  the  distribution  chain,  carbon  dioide  is  emitted  through 
energy  use  by  extraction,  transport,  and  so  forth. 


Carbon  dioxide  emitted  will  be  reabsorbed  as  the  next  generation  of 
feedstock  is  grown. 


Figure  2.  Life-cycle  COz  emissions.  (Reprinted  by  permission  from  Air  Transport  Action  Group,  Beginner's 
Guide  to  Aviation  Biofuels  [Geneva,  Switzerland:  Air  Transport  Action  Group,  May  2009],  3,  http://www.en- 
viro.aero/Content/Upload/File/BeginnersGuide_Biofuels_WebRes.pdf.) 
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burning  of  the  biofuel.  Although  biofuels 
are  not  "carbon  neutral”  since  it  takes  en¬ 
ergy  to  run  the  equipment  needed  to  grow, 
extract,  transport,  and  process  the  biomass, 
the  total  amount  of  C02  released  into  the 
atmosphere  by  producing  and  using  a  bio¬ 
fuel  is  in  theory  significantly  lower  than 
that  released  into  the  atmosphere  by  a  fuel 
produced  from  petroleum  or  other  fossil 
fuels.28  The  alternative  fuel  we  investigated 
(derived  from  a  CBTL  process)  does  not 
have  the  same  carbon-neutral  potential  as 
one  derived  entirely  from  biomass  because 
a  large  percentage  of  the  CBTL-derived  fuel 
is  produced  from  coal;  however,  in  theory, 
CBTL-derived  jet  fuels  should  affect  the  en¬ 
vironment  less  than  JP-8  because  of  the 
percentage  of  biomass  they  contain. 

The  life-cycle  stages  explored  in  our 
analysis  included  raw  material  extraction 
(mining/agriculture),  raw  material  process¬ 
ing  (re fining/ FT),  and  jet  fuel  use  (burning 
fuel  in  flight)  (see  fig.  1).  The  transportation 
of  material  between  these  stages  and  its  ef¬ 
fects  on  the  environment  are  captured  in¬ 
ternally  by  the  EIO-LCA  through  economic 
interrelationships  and  incorporated  into  the 
total  GWP  of  the  GHG  emission  outputs  at 
each  stage.  The  authors  assume  that  JP-8 
and  CBTL  jet  fuels  emit  the  same  total 
amount  of  GHGs  in  the  jet-fuel-use  LCA 
stage.  According  to  the  Energy  Information 
Administration,  the  total  GWP  of  the  GHGs 
emitted  during  the  use  phase  is  typically  84 
percent  of  the  total  GWP  of  the  GHGs  emit¬ 
ted  during  the  entire  life  cycle  for  kerosene- 
based  jet  fuel.29  We  assume  that  the  disposal 
phase  does  not  exist  since  aircraft  burn  the 
fuel  and  nothing  remains  to  dispose  of  after 
expending  the  energy  source. 

We  need  to  make  some  caveats  concern¬ 
ing  our  hybrid  analytical  model.  The  EIO- 
LCA  database  we  used  contained  2002  data, 
which  may  not  reflect  the  economy  of 
2011. 30  Although  a  number  of  industries  still 
use  the  same  processes  they  employed  in 
2002,  many  have  switched  to  more  efficient 
ones  that  change  their  environmental  foot¬ 
print.  For  example,  coal  mining  primarily 
uses  the  same  technology  today  as  it  did  in 


2002,  while  vehicles  such  as  the  new  hy¬ 
brids  are  more  efficient  than  standard  fuel 
vehicles.31  The  accuracy  and  completeness 
of  this  database  are  thus  uncertain,  which 
translates  into  uncertainties  in  the  EIO-LCA 
methodology.  Additionally,  the  FT  process 
to  produce  synthetic  jet  fuel  was  not  avail¬ 
able  in  2002;  therefore,  the  authors  estimated 
the  cost  of  producing  CBTL  fuels  via  the  FT 
process  to  calculate  their  GWP  due  to  GHGs. 
Despite  these  uncertainties  in  using  EIO- 
LCA  to  compare  JP-8  to  CBTL,  the  process 
offers  decision  makers  an  approximation  of 
the  greener  jet  fuel  for  the  environment. 

Jb  use  the  EIO-LCA  model,  one  must  first 
determine  the  cost  of  the  resources  required 
for  the  product,  process,  or  service  in  the  life- 
cycle  stage  under  assessment.  During  this  pro¬ 
cess,  the  EIO-LCA  tool  applies  to  the  material- 
extraction  phase  of  both  fuels.  For  the 
material-processing  phase,  the  EIO-LCA 
model  applies  only  to  the  JP-8  jet  fuel;  the 
model  does  not  apply  to  CBTL  fuel  because 
the  FT  synthesis  process  is  not  a  standard  in¬ 
dustry  in  the  United  States.  Therefore,  no  ap¬ 
propriate  industry  or  sector  exists  to  repre¬ 
sent  this  stage  in  the  EIO-LCA  model.  Finally, 
we  did  not  include  the  jet-fuel-use  LCA  stage 
for  both  fuels  because  we  assumed  that  the 
fuels  have  the  same  total  GWP. 

Costs  for  JP-8  Fuel 

The  total  cost  of  a  typical  diesel  fuel  is  the 
sum  of  four  categories  of  costs.  Using  a  re¬ 
tail  price  of  $2.80  per  gallon  in  October  2010, 
one  finds  that  these  categories  included  17 
percent  for  taxes,  12  percent  for  distribution 
and  marketing,  6  percent  for  refining,  and 
65  percent  for  crude  oil.32  The  authors  esti¬ 
mated  the  cost  associated  with  raw  material 
extraction  and  processing  for  JP-8.  Since  the 
Air  Force  spent  $6.7  billion  on  jet  fuel  in 
2008,  we  estimate  that  the  costs  of  raw  ma¬ 
terial  extraction  (the  value  of  the  crude  oil) 
and  refining  were  approximately  $4.4  bil¬ 
lion  and  $402  million,  respectively.33  The 
detailed  EIO-LCA  database  sectors  that  we 
selected  for  these  costs  were  "oil  and  gas 
extraction”  and  "petroleum  refineries." 
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Costs  for  Coal-Biomass-to-Liquid  Fuel 

The  CBTL  jet  fuel  we  analyzed  consisted 
of  8  percent  (by  weight)  biomass  and  92 
percent  (by  weight)  coal.  Based  on  the  Air 
Force’s  jet  fuel  use  of  2.4  billion  gallons  in 
2008,  meeting  the  service’s  goal  of  "acquiring] 
50%  of  the  Air  Force’s  domestic  aviation 
fuel  requirement  via  an  alternative  fuel 
blend”  (mentioned  above)  equates  to  600 
million  gallons  of  an  alternative  fuel.34 
Therefore  about  550  million  gallons  of  that 
amount  would  come  from  coal,  and  the  re¬ 
maining  50  million  gallons  would  come 
from  switchgrass.  Since  it  takes  about  one- 
half  of  a  short  ton  of  coal  to  produce  a  bar¬ 
rel  (42  gallons)  of  diesel  fuel  and  one  dry 
ton  of  switchgrass  to  produce  one  barrel  of 
CBTL  fuel,  it  would  take  about  6.5  million 
short  tons  of  coal  and  1.2  million  dry  tons 
of  switchgrass  to  produce  1.2  billion  gallons 
of  jet  fuel  blend  stock.35  With  coal  selling  for 
$42  per  short  ton  as  of  January  2010  and 
switchgrass  selling  for  $53  per  dry  ton,  the 
total  cost  of  raw  material  extraction  is  $273 
million  and  $64  million,  respectively.36  The 
detailed  EIO-LCA  database  sectors  selected 
for  these  costs  were  "coal  mining”  and  "all 
other  crop  farming.”  As  previously  men¬ 
tioned,  the  EIO-LCA  tool  does  not  apply  to 
the  refining  process;  therefore,  we  obtained 
the  environmental  impacts  from  the  De¬ 
partment  of  Energy. 


To  determine  the  environmental  impact 
of  each  fuel,  we  summed  the  results  for 
each  life-cycle  stage  for  each  fuel.  Accord¬ 
ing  to  the  EIO-LCA  model  results,  the  GWP 
for  the  CBTL  fuel  was  14  percent  less  than 
that  for  the  JP-8  fuel,  not  considering  car¬ 
bon  capture.  In  other  words,  the  CBTL  fuel 
emits  14  percent  less  GHGs,  so  it  is  greener. 
However,  the  Energy  Independence  Secu¬ 
rity  Act  of  2007  (EISA  2007)  requires  the 
life-cycle  GWP  of  a  prospective  alternative 
jet  fuel  to  be  20  percent  less  than  the  GWP 
of  a  petroleum-based  jet  fuel.37  Since  we 
found  the  CBTL's  GWP  to  be  only  14  percent 
less  than  the  baseline  amount,  the  CBTL 
without  carbon  capture  does  not  qualify  as 
an  alternative  fuel  as  defined  by  EISA  2007. 

We  also  analyzed  additional  cases  involv¬ 
ing  varying  percentages  of  biomass,  with 
and  without  carbon  capture.  Figure  3  pres¬ 
ents  the  results,  comparing  the  percent  bio¬ 
mass  used  in  CBTL  with  the  greenness  of 
CBTL  compared  to  that  of  JP-8.  The  hori¬ 
zontal  line  at  20  percent  represents  the  gov¬ 
ernment  standard  set  by  EISA  2007.  The 
dashed  line  shows  the  LCA  results  without 
considering  carbon  capture  sequestration 
(CCS),  while  the  solid  line  shows  the  results 
when  including  CCS.  The  figure  shows  that, 
without  considering  CCS  (a  more  conserva¬ 
tive  assumption),  the  minimum  amount  of 
biomass  to  use  in  making  CBTL  fuel  is  8-10 
percent.  In  all  cases,  if  CCS  is  considered, 


Figure  3.  Percent  biomass  in  CBTL  versus  CBTL  percent  greener  than  JP-8 
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then  all  CBTL  fuels  meet  the  EISA  2007 
standard.  At  lower  biomass  percentages,  the 
use  of  CCS  significantly  improves  the  green¬ 
ness  of  CBTLs  compared  to  that  of  JP-8. 

Conclusion 

Alternative  fuels  give  the  DOD  options 
for  fueling  its  extensive  fleet  of  vehicles. 

The  Air  Force  has  embraced  alternative 
fuels,  which  can  fulfill  the  goal  of  the  service’s 
energy  initiative  (increasing  the  supply  of 
fuel  from  domestic  sources).  However,  de¬ 
termining  the  greenness  of  a  fuel  can  prove 
difficult.  Air  Force  decision  makers  must 
consider  fuels  that  are  comparable  in  cost 
and  sustainability;  furthermore,  the  fuels 
must  lend  themselves  to  production  in  sig¬ 
nificant  quantities,  have  a  life-cycle  GHG 
footprint  lower  than  that  of  petroleum- 
derived  jet  fuel  (i.e.,  they  are  greener),  and 
produce  no  degradation  of  flight  safety.38 
TVvo  issues  arise  in  implementing  an  alter¬ 
native  fuel  source.  First,  US  regulations 
such  as  EISA  2007  demand  that  an  alterna¬ 
tive  fuel  have  a  total  GWP  20  percent  less  than 
a  baseline.  Second,  decision  makers  require 
an  analytic  method  of  evaluating  the  envi¬ 
ronmental  impact  of  a  fuel's  life  cycle. 


This  article  demonstrated  an  analytical 
method  that  Air  Force  leaders  can  use  to 
determine  a  fuel's  greenness  by  compar¬ 
ing  an  alternatively  produced  jet  fuel  to  a 
petroleum-derived  one.  As  illustrated  in  fig¬ 
ure  3  (above),  the  total  GWP  of  all  CBTL 
cases  with  and  without  simple  CCS  is  less 
than  the  total  for  JP-8  jet  fuel  except  for  the 
case  of  100  percent  coal-to-liquid  jet  fuel 
without  CCS.  Therefore,  according  to  an 
EIO-LCA  analysis,  the  CBTL  process  pro¬ 
duces  a  greener  jet  fuel  over  the  entire  life 
cycle.  Consequently,  we  recommend  that 
the  Air  Force  use  these  alternative  fuels  as 
described  in  its  energy  strategy. 

Air  Force  and  DOD  leaders  may  decide 
that  strategic  advantages  of  a  US-made  fuel 
source  outweigh  the  need  for  an  additional 
LCA.  However,  at  a  minimum,  the  Air  Force 
should  support  additional  field  research  to 
improve  our  understanding  of  the  environ¬ 
mental  impact  of  alternative  fuel  usage. 
Moreover,  it  should  investigate  the  other 
portions  of  the  supply  chain  that  support 
aircraft  fuels  (such  as  fuel  storage)  to  avoid 
any  potential  adverse,  unintended  conse¬ 
quences  of  using  alternative  fuels.  © 

Wright-Patterson  AFB,  Ohio 


Notes 

1.  Samuel  King  Jr.,  "Air  Force  Officials  Take  Step 
toward  Cleaner  Fuel,  Energy  Independence,"  US  Air 
Force,  25  March  2010,  http://www.af.mil/news/story 
.asp?id=  123196846. 

2.  Department  of  Defense  Instruction  4170.11, 
Installation  Energy  Management,  11  December  2009, 
10,  http:// www.dtic.mil/ whs/ directives/ corres/ pdf 
/  417011p.pdf. 

3.  Chris  DiPetto,  "Department  of  Defense  Energy 
Security  Task  Force  Update,"  slide  presentation 
(Washington,  DC:  Pentagon,  Office  of  the  Secretary 
of  Defense  for  Acquisition,  Technology,  and  Logis¬ 
tics,  18  September  2008),  slide  9,  https://ldrd.llnl.gov 
/2008symp/DiPetto_symposium.pdf. 

4.  Michael  A.  Aimone,  "Eliminating  Energy 
Waste:  The  Role  You  Can  (and  Should)  Play"  (ad¬ 
dress,  Society  of  American  Engineers  Conference, 
Salt  Lake  City,  UT,  2009). 


5.  Air  Force  Policy  Memorandum  10-1,  Air  Force 
Energy  Program  Policy  Memorandum,  19  December 
2008,  6. 

6.  Aimone,  "Eliminating  Energy  Waste." 

7.  "Diesel  Fuel  Explained:  Diesel  Fuel  Outlook," 
US  Energy  Information  Administration,  2009, 
http://tonto.eia.doe.gov/energyexplained/index 
.cfm?page  =  environment_about_ghg. 

8.  “Oil:  Crude  and  Petroleum  Products  Ex¬ 
plained,"  US  Energy  Information  Administration, 
2009,  http://tonto.eia.doe.gov/energyexplained 

/  index.cfm?page  =  oil_home#tabl . 

9.  MIL-HDBK-510-1,  Department  of  Defense  Hand¬ 
book:  Aerospace  Fuels  Certification,  13  November 
2008,  10. 

10.  Tim  Edwards,  Biomass-Derived  Aviation  Fuels, 
internal  document  (Wright-Patterson  AFB,  OH:  Air 
Force  Research  Laboratory,  2009),  2. 


54  |  Air  &  Space  Power  Journal 


V  Air  Force  institute  of  Technology 


11 .  Ibid.,  150.  A  flash  point  is  the  lowest  tempera¬ 
ture  at  which  a  flammable  liquid  releases  sufficient 
vapors  to  be  ignitable  in  air.  Typical  jet  fuel  has  a 
flash  point  greater  than  60°  C  while  ethanol’s  flash 
point  is  less  than  20°  C.  Heat  of  combustion  is  the 
amount  of  energy  a  given  mass  of  a  substance  re¬ 
leases  as  heat  during  complete  combustion  with 
oxygen.  Jet  fuel  has  a  heat  of  combustion  greater 
than  40  (megajoules  per  kilogram  [MJ/kg])  while 
ethanol  yields  less  than  30  MJ/kg. 

12.  Timothy  Searchinger  et  al.,  "Use  of  U.S.  Crop¬ 
lands  for  Biofuels  Increases  Greenhouse  Gases 
through  Emissions  from  Land-Use  Change,"  Science 
319,  no.  5867  (29  February  2008):  1238. 

13.  Bent  Sorensen,  "Carbon  Calculations  to  Con¬ 
sider,"  Science  327,  no.  5967  (12  February  2010):  780-81. 

14.  Searchinger  et  al.,  "Use  of  U.S.  Croplands,"  1238. 

15.  University  of  Dayton  Research  Institute, 
Characterizing  the  Greenhouse  Gas  Footprints  of  Avia¬ 
tion  Fuels  from  Fischer  Tropsch  Processing  (Dayton, 
OH:  University  of  Dayton  Research  Institute,  pre¬ 
pared  by  the  University  of  Tfexas  at  Austin,  Center 
for  Energy  and  Environmental  Resources,  2010),  3. 

16.  Ibid.,  28. 

17.  United  Nations  Environment  Programme, 
Why  Hike  a  Life  Cycle  Approach?,  5th  ed.  (New  York: 
St.  Joseph  Print  Group,  2004),  5,  http://www.unep.fr 
/shared/publications/pdf/DTIx0585xPA-WhyLife 
CycleEN.pdf. 

18.  Chris  Hendrickson  et  al.,  "Economic  Input- 
Output  Models  for  Environmental  Life-Cycle  Assess¬ 
ment,"  Environmental  Science  and  Technology  32,  no. 
7  (1  April  1998):  185. 

19.  Ibid.,  187. 

20.  "Approaches  to  Life  Cycle  Assessment,"  Carnegie 
Mellon  University,  Green  Design  Institute,  accessed 
17  March  2011,  http://www.eiolca.net/Method/LCA 
approaches.html. 

21.  Carnegie  Mellon  University,  Green  Design 
Institute,  accessed  17  March  2011,  http://www.eiolca 
.net/Method/eio-lca-method.html. 

22.  Hendrickson  et  al.,  “Economic  Input-Output 
Models,"  185. 

23.  Chris  Hendrickson  et  al.,  "Comparing  Two 
Life  Cycle  Assessment  Approaches:  A  Process  Model 
vs.  Economic  Input-Output-Based  Assessment,"  in 
Proceedings  of  the  1997  IEEE  [Institute  of  Electrical 
and  Electronics  Engineers]  International  Symposium 
on  Electronics  and  the  Environment  (San  Francisco, 
CA:  IEEE,  May  1997),  177. 

24.  "Approaches  to  Life  Cycle  Assessment." 

25.  Ibid. 

26.  National  Energy  Tech nologv  Laboratory,  Af¬ 
fordable,  Low-Carbon  Diesel  Fuel  from  Domestic  Coal 
and  Biomass,  DOE/NETL-2009/1349  (Washington, 


DC:  United  States  Department  of  Energy,  14  January 
2009),  vi,  http://www.netl.doe.gov/energy-analyses 
/  pubs/ CBTL%20Final%20Report.pdf. 

27.  University  of  Dayton  Research  Institute, 
Greenhouse  Gas  Footprints,  34. 

28.  Air  Transport  Action  Group,  Beginner’s  Guide 
to  Aviation  Biofuels  (Geneva,  Switzerland:  Air  Trans¬ 
port  Action  Group,  May  2009),  2,  accessed  1  March 
2011,  http://www.enviro.aero/Content/Upload/File 
/BeginnersGuide_Biofuels_WebRes.pdf. 

29.  National  Energy  Tbchnology  Laboratory,  Af¬ 
fordable,  Low-Carbon  Diesel  Fuel,  24. 

30.  Hendrickson  et  al.,  "Economic  Input-Output 
Models,"  185.  The  US  government  collects  data  from 
over  400  industrial,  manufacturing,  and  service  sec¬ 
tors  and  determines  via  an  EIO  table  how  the  economy 
is  interrelated.  This  database  provides  the  founda¬ 
tion  for  the  EIO-LCA  model. 

31.  "Hybrid  Vehicles,"  US  Department  of  Energy, 
accessed  18  March  2011,  http://www.fueleconomy 
.gov/feg/hybrid_sbs.shtml;  and  "2004  Automotive 
Fuel  Economy  Program,"  National  Highway  Traffic 
Safety  Administration,  http://www.nhtsa.gov/Laws 
+  &  +  Regulations/ CAFE  +  -  +  Fuel  +  Economy/2004 

+  Automotive  +  Fuel  +  Economy  +  Program. 

32.  "Coal  News  and  Markets,"  US  Energy  Infor¬ 
mation  Administration,  14  March  2011,  http://www 
.howstuffworks.com/framed.htm/parent  =  gas-price 
.htm&url  =  http://tonto.eia.doe.gov/oog/info/gdu 
/gasdiesel.asp. 

33.  The  Air  Force  used  about  2.4  billion  gallons 
of  jet  fuel.  The  authors  estimate  fuel  cost  at  about 
$2.80  per  gallon. 

34.  The  1.2  billion  gallons  would  consist  of  a 
blend  of  50  percent  alternative  fuel  and  50  percent 
conventional  fuel. 

35.  Nicholas  Ducote  and  H.  Sterling  Burnett, 
"Turning  Coal  into  Liquid  Fuel,”  Brief  Analysis  no. 
656  (Washington,  DC:  National  Center  for  Policy 
Analysis,  1  May  2009),  1,  http://www.ncpa.org/pdfs 
/ba656.pdf. 

36.  "Coal  News  and  Markets."  Coal  used  to  make 
jet  fuel  should  yield  a  minimum  of  11,000  British 
thermal  units  per  pound.  See  also  Michael  Popp  and 
Robert  Hogan  Jr.,  "Assessment  of  Two  Alternative 
Switchgrass  Harvest  and  Transport  Methods"  (ad¬ 
dress,  Farm  Foundation  Conference,  St.  Louis,  MO, 

12  April  2007),  http://www.farmfoundation.org 
/news/articlefiles/364-Popp%20Switchgrass%20 
Modules%20SS%20no%20numbers.pdf. 

37.  US  Public  Law  110-140,  Energy  Independence 
and  Security  Act  of  2007,  sec.  202,  2007,  1522. 

38.  Edwards ,  Biomass-Derived  Aviation  Fuels,  15. 


Summer  201 1  |  55 


